Introduction {#s1}
============

Tumor cell invasion into the surrounding extracellular matrix (ECM) increases the morbidity and mortality of all forms of cancer. ECM degradation is a prerequisite for tumor cell invasion and is mediated by matrix metalloproteinase (MMP) production and activity. MMPs are a family of zinc-dependent endopeptidases that degrade specific components of the ECM (reviewed in [@pone.0067766-Nagase1], [@pone.0067766-PageMcCaw1]). Targeting tumor cell invasion is paramount to suppressing tumor cell motility and eventual metastasis. Unfortunately, clinical trials using small-molecule inhibitors to block MMP activity have not been successful [@pone.0067766-Zucker1]--[@pone.0067766-Close1]. Therefore, other means to control MMP production and activity must be identified in order to regulate invasive cell phenotypes.

An interesting link between tetraspanins and cancer metastasis has been demonstrated in multiple cell lines [@pone.0067766-Kanetaka1], [@pone.0067766-Zijlstra1].Tetraspanins are four-membrane spanning proteins that most notably function as cell surface protein organizers through tetraspanin-enriched membrane complexes [@pone.0067766-YanezMo1]. Determining the role of tetraspanins in either promoting or suppressing tumor metastasis is complicated by the number and function of molecules that complex with tetraspanins, including other tetraspanins and integrins [@pone.0067766-Berditchevski1], [@pone.0067766-Zoller1]. One member of the tetraspanin family, CD9, is particularly important in tumor cell biology [@pone.0067766-Wang1]. There is an increasing amount of evidence that supports a role for CD9 in metastatic cancers both *in vitro* and *in vivo* [@pone.0067766-Hwang1]--[@pone.0067766-Iwasaki1]. *In vivo* studies suggested that increased CD9 expression correlated with advanced gastric cancer and a poor prognosis [@pone.0067766-Hori1], [@pone.0067766-Soyuer1]. Another study conducted on prostate carcinoma progression noted a significant increase in CD9 expression in primary, metastasizing adenocarcinoma compared to advanced, non-metastasizing adenocarcinomas [@pone.0067766-Wang2]. Strong CD9 expression in metastasizing cancers indicates that this protein may be a novel target for regulating the invasive phenotype of these cells.

Tetraspanins may regulate the invasive process of cancer cells by controlling the expression, release, and activity of MMP and tissue inhibitors of metalloproteinases (TIMPs). Data imply that CD63 [@pone.0067766-Takino1] and CD151 [@pone.0067766-YanezMo2] regulate MT1-MMP activity either by proteolysis or association, respectively. CD63 also interacts with TIMP-1 at the cell surface to regulate its activity in human breast epithelial cells [@pone.0067766-Jung1]. Furthermore, double deficiency of both CD9 and CD81 resulted in increased amounts of MMP-2 and MMP-9 in a macrophage cell line [@pone.0067766-Takeda1], and CD151 played a role in activating pro-MMP-7 in osteoarthritic chondrocytes [@pone.0067766-Fujita1]. It is well established that CD9 overexpression decreases cell motility in most cancerous cell lines [@pone.0067766-Chen1]--[@pone.0067766-Murayama1]; however, there is notable ambiguity on the effect CD9 may have on the invasive cell phenotype by regulating MMP and TIMP production.

We studied exogenous CD9 expression in human fibrosarcoma (HT1080) cells, a widely used *in vitro* metastasis model for cell invasion [@pone.0067766-Hanyu1]--[@pone.0067766-Peterfia1]. This stably transfected cell line was used to address the consequences of CD9 expression on the expression of other tetraspanin-enriched complex members and on the invasive capabilities of these cells. Significant findings from our study demonstrate that CD9-HT1080 cells displayed a highly invasive phenotype compared to their Mock transfected counterparts. CD9 expression was directly correlated with MMP-9 expression, and the suppression of MMP-9 alone was sufficient to negate the increased invasive phenotype of CD9-HT1080 cells. Furthermore, the second extracellular loop of CD9 was critical for the observed increase in MMP-9 and cell invasion. Our study confirms that the tetraspanin CD9 serves to regulate HT1080 cell invasion via upregulation of MMP-9.

Materials and Methods {#s2}
=====================

Reagents and Antibodies {#s2a}
-----------------------

Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin, trypsin-EDTA, Geneticin (G418), and human plasma fibronectin (FN) were purchased from Gibco (Grand Island, NY). A murine monoclonal antibody specific for the second extracellular loop of CD9 (mAb7) was previously generated in our laboratory [@pone.0067766-Jennings1]. A rabbit polyclonal antibody specific for the first extracellular loop of CD9 (Rap2) was also generated in our laboratory and previously reported [@pone.0067766-Cook1].Anti-CD63 and anti-CD151 antibodies were purchased from BD Pharmingen (San Diego, CA). Anti-CD81, anti-α2, anti-α4, anti-α5, anti-α6, and anti-β1 (TS2/16) antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). Matrigel from Engelbreth-Holm-Swarm mouse tumor and 8.0 µm pore cell culture inserts were purchased from BD Biosciences (Bedford, MA). Lipofectamine 2000 transfection reagent was purchased from Invitrogen (Carlsbad, CA). All other reagents were purchased from Sigma Aldrich (St. Louis, MO).

Cell Culture and Transfection {#s2b}
-----------------------------

Human fibrosarcoma (HT1080) cells were purchased from American Type Culture Collection (Manassas, VA) and cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin solution. Wild type HT1080 cells were transfected by electroporation with either the control pRC/CMV plasmid (Mock), the pRC/CMV plasmid containing full-length human CD9 cDNA insert (CD9), or the pRC/CMV plasmid containing CD9 without the second extracellular loop amino acids 173--192 (Δ6, described in [@pone.0067766-Cook1]). To obtain stable transfectants, transfected cell populations were selected by the addition of media containing Geneticin (G418, 0.75 mg/ml). All cells were cultured in a humidified, 5% CO~2~, 37°C incubator.

RNA Isolation and qRT-PCR Analysis {#s2c}
----------------------------------

Forward and reverse primers were designed using Universal Probe Library primer design tool and were purchased from Sigma Aldrich ([Table S1](#pone.0067766.s001){ref-type="supplementary-material"}, [S2](#pone.0067766.s002){ref-type="supplementary-material"}). Primer efficiencies were tested on universal human RNA, and were only used if the efficiency was greater than 1.80. Total cellular RNA was isolated from Mock- and CD9-HT1080 cells using the RNeasy isolation kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. The quality of the RNA was assessed using an Agilent Bioanalyzer 2100 (Santa Clara, CA). All samples had an RNA integrity number of 10. RNA quantity in the isolated samples was estimated using a nanodrop spectrophotometer (Thermo Scientific, Rockford, IL), and 1 µg of total RNA was subjected to reverse transcription using the transcriptor first-strand cDNA synthesis kit (Roche, Indianapolis, IN). The resulting cDNA was subsequently used for analysis by qRT-PCR using TaqMan chemistry (Roche) and a Lightcycler 480 system at the Molecular Resource Center (University of Tennessee Health Science Center, Memphis, TN). Sample tests were run in triplicate, and the resulting average cycle threshold (CT) values were normalized to cyclophilin-D housekeeping gene (ΔCT). The ΔCT values for Mock HT1080 cells were subtracted from CD9-HT1080 values (ΔΔCT). Fold changes in CD9-HT1080 mRNA relative to Mock HT1080 mRNA were calculated by 2^−ΔΔCT^. Fold changes greater than 2 or less than 0.5 were considered significant.

Flow Cytometry {#s2d}
--------------

Mock- and CD9-HT1080 cells were harvested and suspended at 5.0×10^5^ cells/ml in 5% goat serum-DMEM (blocking media) and incubated on ice for 45 minutes. All subsequent antibody incubations were performed on ice. Primary antibody was added (4 µg/ml) and incubated for 1 hour. Unbound primary antibody was removed by washing the cells three times. Briefly, the cells were pelleted (800 g for 5 minutes), the supernatant was discarded, and the cell pellet was resuspended using 1 ml of ice-cold PBS (pH 7.4). The cells were incubated with secondary FITC-conjugated antibody (5 µg/ml) in blocking media for 1 hour. The secondary antibody was removed by washing, and the cells were suspended in PBS for data acquisition. Analysis of the data was performed using a FACS Calibur flow cytometer equipped with Cell Quest Pro software (Beckton-Dickinson, Bedford, MA). The geometric mean fluorescence intensity values were averaged among three or more independent experiments.

Matrigel Invasion Assay {#s2e}
-----------------------

Matrigel diluted to 250 µg/ml was added inside cell culture inserts and allowed to solidify at 37°C for 1 hour. 1×10^5^ Mock- and CD9-HT1080 cells were added to separate cell culture inserts, and 1% FBS-DMEM was added to the bottom well as a chemoattractant. As a control, equal amounts of cells were added to uncoated cell culture inserts. The 24-well tissue culture plates were placed in a humidified, 5% CO~2~, 37°C incubator. After 20 hours incubation, the inside of the tissue culture insert was cleared of cells by scrubbing with a cotton swab. The cells on the bottom of the insert were fixed in ice-cold 100% methanol for 2 minutes, rinsed twice with PBS, and stained using 0.05% crystal violet for 30 minutes. After rinsing with PBS, the culture insert membranes were cut out and mounted onto microscope slides with Permount. Cells were counted in 10 random fields of view per membrane. Cell counts in each field of view were averaged. Percent cell invasion was calculated by dividing the number of cells that invaded through matrigel-coated inserts by the number of cells that migrated through uncoated inserts and multiplied by 100. Relative invasion was calculated by normalizing the percent cell invasion to the corresponding control.

Gelatin zymography {#s2f}
------------------

For zymography analysis, equal numbers of transfected-HT1080 cells were seeded onto 10 µg/ml of FN-coated cell culture plates in serum-free DMEM. Cells were allowed to adhere for 24 to 48 hours. Culture supernatants were harvested and clarified by a two-step centrifugation at 4°C (first at 800 g and second at 14,000 g). The resulting culture supernatant was mixed with non-reducing sample buffer and subjected to electrophoresis on 10% SDS-polyacrylamide gels containing 1 mg/ml of porcine gelatin (Sigma Aldrich). After electrophoresis, SDS was removed by washing gels with 2.5% (v/v) Triton X-100 solution. The gels were incubated in digestion buffer (50 mM Tris, 200 mM NaCl, and 10 mM CaCl~2~) for 14 hours at 37°C and then fixed in a solution containing 50% ethanol and 10% acetic acid for 2 hours at room temperature. The gels were then washed twice in 50% methanol and 10% acetic acid solution and stained with 0.1% Coomassie brilliant blue R-250 in 20% methanol and 10% acetic acid solution for 2 hours. Lastly, the gels were destained with 50% methanol and 10% acetic acid solution, scanned, and subjected to densitometry analysis using NIH Image J software. Relative density was calculated by dividing the intensity of the MMP-9 band by the MMP-2 band, then normalizing the data to the corresponding Mock-HT1080 bands.

ELISA {#s2g}
-----

ELISA kits for MMP-1 and MMP-9 were purchased from RayBiotech, Inc (Norcross, GA) and eBioscience (San Diego, CA), respectively. Analysis of pro- and active-proteinase expression was performed per the manufacturer's protocol using cleared supernatant from Mock- and CD9-HT1080 cells incubated for 24 to 48 hours on 10 µg/ml FN-coated cell culture plates in serum-free DMEM. Samples were run in duplicate, and results were compared to a curve generated using reconstituted protein standards supplied with each kit. The lower limits of detection for MMP-1 and MMP-9 were less than 8 pg/ml and 50 pg/ml, respectively. The calculated overall intra-assay coefficients of variation were less than 10%.

Knockdown of MMP-9 {#s2h}
------------------

Small interfering RNA (siRNA) oligomer duplexes targeting MMP-9 were ordered from Sigma Aldrich (St. Louis, MO). Three different MMP-9 siRNA were initially screened for their effects on tetraspanin, integrin, and MMP expression. One siRNA was successful at silencing MMP-9 expression without affecting other tetraspanins, integrins, and MMPs pertinent to our study and was chosen for subsequent experiments. A non-specific, scrambled siRNA was used as a control. Transfection was performed on a subconfluent monolayer of Mock- or CD9-HT1080 cells using Lipofectamine 2000 transfection reagent (Invitrogen). After 6 hours incubation with siRNA and Lipofectamine 2000, the cell monolayer was washed and the cells were incubated with complete media. The cells were harvested and used in subsequent experiments 48 hours after transfection.

Statistical Analysis {#s2i}
--------------------

Experiments were repeated at least three independent times. Statistical analysis was carried out using SPSS software. The values are expressed as mean ± standard deviation. An independent samples t-test or a Mann-Whitney U Test was used to compare two means. Analysis of Variance (ANOVA) was used to compare three means of normally distributed homogenous data. A Tukey's HSD post-hoc analysis was conducted to determine any difference among the groups. A Welch's ANOVA was used for three sample means with non-normally distributed data, and a Dunnet's T3 post-hoc analysis was used to determine any difference among these means. Graphs were generated using GraphPad Prism 6 software. A *p* value less than 0.05 was considered statistically significant.

Results {#s3}
=======

CD9 Overexpression in HT1080 Cells did not Alter the Expression of other Tetraspanin Family Members {#s3a}
---------------------------------------------------------------------------------------------------

Human fibrosarcoma (HT1080) cells endogenously expressed low levels of CD9 on their cell surface as indicated by flow cytometry ([Fig. 1A](#pone-0067766-g001){ref-type="fig"}). A population of CD9-expressing HT1080 cells was generated by transfecting wild-type HT1080 cells with a plasmid containing a full-length CD9 insert. Likewise, the same plasmid without the CD9 insert was used to generate Mock-HT1080 cells. Stably transfected cell colonies were generated by multiple passages of these transfected cells in Geneticin-containing selection media. CD9 mRNA levels were upregulated approximately 20-fold in CD9-HT1080 compared to Mock-HT1080 cells ([Fig. 1B](#pone-0067766-g001){ref-type="fig"}). The mRNA levels of other constitutively expressed members of the tetraspanin family -- including CD63, CD81, and CD151-- were not significantly changed as a result of CD9 expression ([Fig. 1C](#pone-0067766-g001){ref-type="fig"}).

![Overexpression of CD9 in HT1080 cells does not alter the expression of other tetraspanins.\
(**A**) The cell surface expression of CD9 on wild-type HT1080 cells was assessed using flow cytometric analysis after binding a monoclonal antibody specific for CD9 (mAb7, shaded histogram). A non-specific isotype-matched antibody (IgG) was used as a negative control (unshaded histogram). (**B, C**) Total RNA was collected from Mock- and CD9-HT1080 cells, reverse transcribed to cDNA, and probed using primers specific for integral tetraspanins using qRT-PCR. The fold change in mRNA expression of tetraspanins was calculated from resulting cycle threshold values normalized to cyclophilin D. (**D**) Flow cytometry was used to assess the cell surface expression of key tetraspanins on the cell surface of Mock- (left panels) and CD9- (right panels) HT1080 cells \*\*, p\<0.001.](pone.0067766.g001){#pone-0067766-g001}

Flow cytometry was further used to confirm that changes in mRNA expression corresponded with the proper trafficking and expression of tetraspanins on the cell surface. Also, increased CD9 expression may alter the cell surface expression of other tetraspanins due to rearrangement of the tetraspanin-enriched microdomain. Therefore, we observed changes in the cell surface expression of tetraspanins and found a prominent increase in the expression of CD9 at the cell surface of CD9-HT1080 cells relative to the Mock transfected HT1080 cells ([Fig. 1D](#pone-0067766-g001){ref-type="fig"}). The mean fluorescence intensity was 11.4±2.3 and 538.8±149.1 for Mock- and CD9-HT1080 cells, respectively (p\<0.001). Exogenous expression of CD9 did not significantly affect the cell surface expression of CD63, CD81, or CD151 ([Fig. 1D](#pone-0067766-g001){ref-type="fig"}). Thus, any phenotypic differences between Mock- and CD9-HT1080 cells may be attributed directly to upregulation of CD9 expression.

Other major regulators of activity within tetraspanin-enriched microdomains include integrins. We explored whether or not the mRNA expression of integrins α2, α4, α5, α6, and β1 were significantly different between Mock- and CD9-HT1080 cells. CD9 expression did not result in any fluctuations in the mRNA production of integrins α2, α4, α5, α6, or β1 ([Fig. 2A](#pone-0067766-g002){ref-type="fig"}). Furthermore, we determined that the cell surface expression of integrin subunits α4, α5, and α6 was unaffected by CD9 overexpression ([Fig. 2B](#pone-0067766-g002){ref-type="fig"}). However, the cell surface expression of α2 and β1 integrin subunits was lower in CD9 transfectants ([Fig. 2B](#pone-0067766-g002){ref-type="fig"}). CD9-HT1080 α2 fluorescence intensity values were 1.4 fold less and β1 values were 1.2 fold less than Mock-HT1080 values (p\<0.001, and p = 0.002, respectively). These findings suggest a small though statistically significant decrease in the integrin heterodimer α2β1 at the cell surface.

![CD9-HT1080 cells have stable mRNA expression of integrins though α2 and β1 are reduced at the cell surface.\
(**A**) The fold change in mRNA expression of integrins was compared between Mock- and CD9-HT1080 cells using qRT-PCR. (**B**) Cell surface expression of the same integrin subunits (shaded histograms) was evaluated by flow cytometry. A non-specific isotype-matched antibody (IgG) was used as a negative control (unshaded histograms).](pone.0067766.g002){#pone-0067766-g002}

CD9-HT1080 Cells have Increased Cell Invasion and MMP-9 Production and Release {#s3b}
------------------------------------------------------------------------------

Tetraspanins are known to regulate the metastatic phenotype of tumor cells [@pone.0067766-Kanetaka1],[@pone.0067766-Zijlstra1]. A matrigel invasion assay was used to establish any changes in the invasive phenotype of CD9-HT1080 cells. After 20 hours of invasion, we observed 45% more CD9-HT1080 cells migrated through matrigel-coated cell culture inserts compared to Mock-HT1080 cells (p = 0.002; [Fig. 3A, 3B](#pone-0067766-g003){ref-type="fig"}). This outcome indicates that the presence of CD9 on the cell surface contributes to an increase in the invasive capabilities of HT1080 cells.

![The invasive phenotype of HT1080 cells is increased upon CD9 overexpression.\
A matrigel invasion assay was used to assess the invasive properties of Mock- and CD9-HT1080 cells. Cells were allowed to invade through matrigel and adhere to the bottom of a cell culture insert as detailed in the Materials and methods section. (**A**) A representative image of stained cells after 20 hours of invasion though matrigel. (**B**) Invasion through matrigel-coated inserts was compared to cells that invaded through uncoated inserts and results shown are normalized to Mock-HT1080 cell invasion \*, p\<0.05.](pone.0067766.g003){#pone-0067766-g003}

Invasion of cancer cells is tightly regulated by a balance in MMP and TIMP production [@pone.0067766-Visse1]. Tetraspanins have previously been demonstrated to regulate MMP and TIMP expression in other cell lines [@pone.0067766-Takeda1], [@pone.0067766-Fujita1], [@pone.0067766-Tohami1], [@pone.0067766-Hong1]. We used qRT-PCR to examine if CD9 overexpression had any effect on relative MMP or TIMP mRNA levels. Our results indicated a 4.1-fold increase in the production of MMP-9 mRNA in cells overexpressing CD9 compared to Mock ([Fig. 4A](#pone-0067766-g004){ref-type="fig"}). We also observed a 3.9-fold decrease in the expression of MMP-1 mRNA. The mRNA expression levels of other MMPs and TIMPs including MMP-2, MMP-3, MMP-7, MMP-8, MMP-14 (MT1-MMP), MMP-16 (MT2-MMP), TIMP-1, TIMP-2, and TIMP-3 were unchanged between Mock- and CD9-HT1080 cells ([Fig. 4A](#pone-0067766-g004){ref-type="fig"}). Upon using multiple different and efficient primers, TIMP-4 mRNA expression was not detected in either Mock- or CD9-HT1080 cells.

![MMP-9 expression and release are greatly enhanced in CD9-HT1080 cells.\
(**A**) Fold changes in MMP and TIMP mRNA expression for Mock- and CD9-HT1080 cells were calculated from cycle threshold values using qRT-PCR. (**B, C**) Specific ELISA kits were used to measure the concentration (ng/ml) of pro- and active- MMP-1 and MMP-9 in the cleared supernatant of Mock- and CD9-HT1080 cells. (**D**) A representative gelatin zymogram of Mock- and CD9- HT1080 cell conditioned media. The absence of Coomassie staining at 92 kDa indicates the presence of pro-MMP-9 and at 72 kDa represents pro-MMP-2. (**E**) Quantification of the relative band intensity was calculated by densitometry analysis as described in the Materials and methods section \*, p\<0.05; \*\*, p\<0.001.](pone.0067766.g004){#pone-0067766-g004}

MMP-1 and MMP-9 specific ELISAs were used to establish if the observed mRNA changes resulted in changes in soluble proteinase release into the media. MMP-1 proteinase concentration in the supernatants from CD9-HT1080 cells tended to be less than that detected in the Mock cells; however, this change was not statistically significant ([Fig. 4B](#pone-0067766-g004){ref-type="fig"}). Consistent with increased MMP-9 mRNA levels, MMP-9 proteinase concentration in the supernatant of CD9-HT1080 cells was 57% higher than Mock-HT1080 cells (p = 0.016; [Fig. 4C](#pone-0067766-g004){ref-type="fig"}). There was a very strong direct correlation between the levels of CD9 mRNA expression and the proteinase concentration of MMP-9 in the CD9-HT1080 cell supernatant after 48 hours (Pearson correlation coefficient = +0.973, p = 0.027). These findings suggest the involvement of CD9 in the induction of MMP-9 mRNA synthesis and release into the supernatant.

We confirmed any changes in the secretion of gelatinase MMP-9 in cell culture supernatants using a gelatin zymogram. Pro-MMP-9 gelatinolytic band intensity was augmented in the cell culture supernatant of CD9-HT1080 cells ([Fig. 4D](#pone-0067766-g004){ref-type="fig"}). The 72 kDa pro-MMP-2 gelatinolytic band that served as an internal control was similar in both Mock- and CD9-HT080 conditioned media. Quantification of the relative density of the enzymatic bands established that pro-MMP-9 secretion was two-fold greater in CD9-HT1080 cells compared to Mock cells (p\<0.001; [Fig. 4E](#pone-0067766-g004){ref-type="fig"}). The amount of pro-MMP-2 in the cell supernatant was not significantly different between Mock- and CD9-HT1080 cells.

Increased CD9-HT1080 Cell Invasion is a Consequence of Increased MMP-9 Production {#s3c}
---------------------------------------------------------------------------------

We hypothesized that increased MMP-9 mRNA expression and proteinase release into the media was responsible for the increased invasive cell phenotype observed in the CD9-HT1080 cells. To test this hypothesis, we utilized a short-interfering RNA-mediated silencing approach to transiently knock down MMP-9 expression in CD9-HT1080 (CD9+MMP9 siRNA). A scrambled control siRNA was transfected into Mock- and CD9-HT1080 cells and used as a control (Mock+Ctr siRNA and CD9+Ctr siRNA). Upon transfection, there was significantly less MMP-9 mRNA expression in CD9+MMP-9 siRNA compared to CD9+Ctr siRNA (p = 0.005; [Fig. 5A](#pone-0067766-g005){ref-type="fig"}). The mRNA expression levels of CD9, CD81, CD151, MMP-1, and MMP-2 were unchanged upon transfection with MMP-9 siRNA (data not shown). Treatment with MMP-9 siRNA in CD9-HT1080 cells resulted in 46% decrease MMP-9 proteinase concentration in the conditioned media compared to CD9+Ctr siRNA as measured by ELISA (p\<0.001; [Fig. 5B](#pone-0067766-g005){ref-type="fig"}). There was no significant difference in the MMP-9 concentration of Mock+Ctr siRNA and CD9+MMP9 siRNA HT1080 cell conditioned media. These results confirm that silencing of MMP-9 in CD9-HT1080 cells lowers the expression and release of MMP-9 to that observed in Mock-HT1080 cells.

![Silencing MMP-9 in CD9-HT1080 cells is sufficient to suppress the invasive phenotype.\
CD9-HT1080 cells were transiently transfected with short-interfering RNA directed to MMP-9 (CD9+ MMP-9 siRNA). Likewise, Mock- and CD9- HT1080 cells were transfected with a scrambled siRNA as a negative control (Mock+Ctr siRNA or CD9+ Ctr siRNA). (**A**) qRT-PCR analysis was used to measure changes in MMP-9 mRNA levels among Ctr and MMP-9 siRNA transfected cells. (**B**) Changes in release of MMP-9 (ng/ml) in to the cleared culture supernatant were examined using a MMP-9 specific ELISA kit. (**C**) Pro-MMP-9 levels in the supernatants of transiently transfected cells was measured using gelatin zymography and (**D**) quantified by densitometry. (**E**) A representative image of cells invading though matrigel after transfection with siRNA. (**F**) Percent cell invasion through matrigel-coated inserts after 20 hours was quantified and the results were normalized to Mock+Ctr siRNA treated cells \*, p\<0.05; \*\*, p\<0.001.](pone.0067766.g005){#pone-0067766-g005}

Gelatin zymography analysis of cell supernatants fully supported our qRT-PCR and ELISA findings. There was a significant difference in the amount of pro-MMP-9 in the cell culture supernatant between the three groups of transiently transfected cells. CD9+MMP-9 siRNA gelatin degradation decreased 51% compared to CD9+Ctr siRNA (p\<0.001; [Fig. 5C, 5D](#pone-0067766-g005){ref-type="fig"}). However, there was no significant difference in gelatinolytic band intensity between Mock+Ctr siRNA and CD9+MMP-9 siRNA HT1080 cells ([Fig. 5D](#pone-0067766-g005){ref-type="fig"}). Moreover, an invasion assay was used to determine the effect of silencing MMP-9 in CD9-HT1080 cells. There was a 58% reduction in the invasive capabilities of CD9+MMP-9 siRNA HT1080 cells compared to CD9+Ctr cells ([Fig. 5E, 5F](#pone-0067766-g005){ref-type="fig"}). No statistical difference was observed between the relative invasion of Mock+Ctr and CD9+MMP-9 siRNA HT1080 cells. These results support the concept that the expression of MMP-9 elicited by overexpression of CD9 is responsible for the observed invasive phenotype of CD9-HT1080 cells.

CD9 Second Extracellular Loop Contributes to Increases in MMP-9 Expression {#s3d}
--------------------------------------------------------------------------

Previously, our laboratory and others have attributed major functions of CD9 to the second extracellular loop (EC2) of the protein [@pone.0067766-Cook1],[@pone.0067766-Hasuwa1]--[@pone.0067766-Zhu1]. Expanding the scope of our study, we hypothesized that increases in MMP-9 expression and release into the media may be attributed to the highly functional EC2 of CD9. We stably transfected wild-type HT1080 cells with a CD9 mutant lacking EC2 amino acids 173--192 (Δ6-HT1080). Primers were designed to detect the levels of mRNAs that code for the amino acids at the N-terminal and first transmembrane region (TM1; amino acids 5 to 35) and the second extracellular loop of CD9 (EC2; amino acids 158--185). Upon transfection, we were unable to detect CD9 EC2 mRNA in Δ6-HT1080 cells; however, the levels of CD9 EC2 mRNA were not significantly different between Mock- and Δ6-HT1080 cells ([Fig. 6A](#pone-0067766-g006){ref-type="fig"}). CD9 TM1 mRNA levels were not significantly different between CD9- and Δ6-HT1080 cells ([Fig. 6B](#pone-0067766-g006){ref-type="fig"}). We confirmed that the EC2 deletion mutant was expressed on the cell surface using flow cytometry. As seen in the left column of [Figure 6C](#pone-0067766-g006){ref-type="fig"}, the binding of mAb7 -- a monoclonal antibody specific for CD9 EC2 -- was similar for both Mock- and Δ6-HT1080 cells. Binding of the anti-CD9 EC1 antibody, Rap2, was not detectable in Mock-HT1080 cells, but was similar in CD9- and Δ6-HT1080 cells ([Fig. 6C](#pone-0067766-g006){ref-type="fig"}, middle column). Anti-CD151 antibody bound similarly to all three cell lines.

![Characterization of the second extracellular loop (EC2) deletion mutant of CD9 in HT1080 cells.\
Upon transfection with the EC2 deletion mutant in HT1080 cells, mRNA expression was measured using primer pairs specific for the nucleotides coding the EC2 (**A**) and TM1 (**B**) regions of CD9. (**C**) Flow cytometric analysis of Mock-, CD9-, and Δ6-HT1080 cells is indicated by each row, and each column indicates CD9 EC2 (mAb7), CD9 TM1 (Rap2), or CD151 binding (shaded histograms) \*\*, p\<0.001.](pone.0067766.g006){#pone-0067766-g006}

We found MMP-9 mRNA levels to be 7.8 fold lower in Δ6-HT1080 compared to CD9-HT1080 cells (p\<0.001; [Fig. 7A](#pone-0067766-g007){ref-type="fig"}). MMP-2 mRNA levels between Δ6-HT1080 and CD9-HT1080 cells were unchanged. The concentration of MMP-9 in the supernatant of Δ6-HT1080 cells (11.9±1.6 ng/ml) was not significantly different from Mock-HT1080 revealed earlier (16.9±3.5 ng/ml). Quantification of MMP-9 gelatin degradation of Δ6-HT1080 cells was 33% lower than degradation observed in CD9-HT1080 cells ([Fig. 7B](#pone-0067766-g007){ref-type="fig"}). However, there was no significant difference in MMP-9 gelatinolytic band intensity between Mock- and Δ6-HT1080 cells ([Fig. 7C](#pone-0067766-g007){ref-type="fig"}). MMP-2 degradation was similar among Mock-, CD9- and Δ6-HT1080 cells. A matrigel invasion assay using these cell lines revealed that Δ6-HT1080 cells were significantly less invasive than CD9-HT1080 cells ([Fig. 7D, 7E](#pone-0067766-g007){ref-type="fig"}). There was no significant difference between the invasive properties of Mock- and Δ6-HT1080 cells. These data suggest a specific role for the second extracellular loop of CD9 in the induction of MMP-9 expression, release, and degradation.

![An increase in MMP-9 expression and release and subsequent cell invasion requires the second extracellular loop (EC2) of CD9.\
(**A**) MMP-9 mRNA expression was measured in Mock-, CD9-, and Δ6-HT1080 cells using qRT-PCR (**B,C**) Release of pro-MMP-9 and pro-MMP-2 was measured by gelatin zymography and quantified using Image J. (**D,E**) A representative picture of cell invasion through matrigel coated inserts and relative quantification of cell invasion \*, p\<0.05; \*\*, p\<0.001.](pone.0067766.g007){#pone-0067766-g007}

Discussion {#s4}
==========

We utilized an invasive and metastatic human carcinoma cell line to explore the contribution of tetraspanin CD9 to tumor cell invasion. We stably expressed CD9 in HT1080 cells at mRNA and cell surface levels similarly to the endogenous expression of CD9 in other cancerous cell lines including colon [@pone.0067766-Ovalle1] and non-small cell lung cancer [@pone.0067766-Funakoshi1]. Tetraspanins function at the cell surface through organizing multimolecular complexes composed of tetraspanins and associating molecules, including integrins [@pone.0067766-YanezMo1], [@pone.0067766-Berditchevski1]. Upon expression of a single tetraspanin, the expression levels of other tetraspanins and integrins may fluctuate at the mRNA or cell surface level. This rarely explored phenomenon may explain why CD9 function in various cancer cell lines is not fully congruent [@pone.0067766-Kischel1], [@pone.0067766-Furuya1], [@pone.0067766-Saito1]. Our studies indicated increased CD9 at the cell surface level was not sufficient to stimulate or suppress mRNA expression of other integral members within the functional tetraspanin microdomain. The cell surface expression of other tetraspanin members that play prominent roles in cancer cell invasion including CD63 [@pone.0067766-Sordat1], CD81 [@pone.0067766-Takeda1], [@pone.0067766-Tohami1], [@pone.0067766-Lafleur1], and CD151 [@pone.0067766-Testa1]--[@pone.0067766-Zoller2] were unaffected by CD9 overexpression. These findings suggest the increased invasive phenotype of CD9-HT1080 cells may be attributed primarily to increases in CD9.

Interestingly, there was a significant decrease in the cell surface levels of both α2 and β1 integrins in CD9-HT1080 cells compared to Mock cells. CD9 expression may downregulate the cell surface expression of the α2β1 integrin subunit. There is convincing evidence that MMP-1 expression is induced only in osteogenic cell lines that express α2β1 [@pone.0067766-Riikonen1]. Moreover, blockade with either MMP-1 or α2 antibodies significantly decreased keratinocyte migration, indicating that α2 may regulate MMP-1 expression [@pone.0067766-Pilcher1]. We conclude that decreased MMP-1 mRNA expression observed in CD9-HT1080 cells may be related to reduced α2β1 cell surface expression. However, our findings at the mRNA level did not fully translate to a significant decrease in MMP-1 proteinase release in the cell supernatant ([Fig. 4B](#pone-0067766-g004){ref-type="fig"}). Therefore, we did not pursue α2β1 or MMP-1 as a mediator of phenotypic differences between Mock- and CD9-HT1080 cells.

We concluded that the invasive phenotype observed in CD9-HT1080 cells was the result of significant increases in MMP-9 mRNA expression and proteinase release into the media. This conclusion was confirmed by silencing MMP-9 in CD9-HT1080 cells, which consequently reverted the invasive phenotype of these cells to mimic that of the Mock-transfected cells. An earlier study did not observe this invasive phenotype in CD9-HT1080 cells using a matrigel invasion assay [@pone.0067766-Nakazawa1]. This difference may be the result of higher cell numbers and increased chemoattractant the earlier study used in the invasion assays, which would have overwhelmed the possibility of observing any differences in cell invasion. However, when using conditions more similar to our experimental design, Zvieriev et al. demonstrated that exogenous CD9 expression increased *in vitro* matrigel invasion in a prostate cancer cell line [@pone.0067766-Zvieriev1]. A recent study corroborated our findings that silencing of MMP-9 in HT1080 cells decreases their invasive capabilities [@pone.0067766-Zhu2].

Other laboratories have demonstrated that tetraspanin expression may indirectly result in the regulation of MMP production by influencing TIMP expression and activity. Jee and colleagues demonstrated that KAI1/CD82 upregulated TIMP-1 to suppress tumor cell invasion in lung carcinoma model [@pone.0067766-Jee1]. TIMP-1 complexes with pro-MMP-9 and inhibits its conversion to the active proteinase [@pone.0067766-Okada1]. Furthermore, tetraspanin CD63 interacts with TIMP-1 at the cell surface to regulate cell survival and apoptosis in a breast epithelial cell line [@pone.0067766-Jung1]. Interestingly, TIMP-4 expression was not detectable in either Mock- or CD9-HT1080 cells. This finding is most likely due to the fact that TIMP-4 expression is prominent only in the brain, heart, ovary, and skeletal muscles of adult mice [@pone.0067766-Leco1] and was originally isolated in the human heart with very low or absent levels of expression in other major organs [@pone.0067766-Greene1]. The absence of a significant change in the mRNA expression of TIMP-1, TIMP-2, or TIMP-3 upon CD9 overexpression favors the idea that CD9 expression does not regulate MMP expression via TIMPs.

It is well established that MMP-9 increases in cancer cell lines is a consequence of increased PI3K-Akt activity [@pone.0067766-Cheng1]--[@pone.0067766-Zhu3]. Thant, et al. found the PI3K-Akt pathway to be essential for FN-dependent MMP-9 secretion and invasion of ovarian cancer cells [@pone.0067766-Thant1]. We have previously demonstrated in two cell lines that CD9 expression enhances Akt phosphorylation [@pone.0067766-Kotha1], [@pone.0067766-Kotha2], and our preliminary studies with CD9-HT1080 cells indicated a 25% decrease in MMP-9 gelatinolytic band intensity using the PI3K inhibitor LY294002 in a gelatin zymography analysis of CD9-HT1080 conditioned media (Herr et al., unpublished observations). We propose that the same PI3K-Akt pathway may be responsible for our observed increase in MMP-9 expression and secretion in CD9-HT1080 cells. Chen, et al. substantiate this hypothesis by demonstrating that CD9 expression in HT1080 cells resulted in increased Akt phosphorylation [@pone.0067766-Chen1]. Future studies in our laboratory will focus on mechanisms associated with CD9 regulation of MMP-9 activity via the PI3K-Akt pathway.

The second extracellular loop (EC2) of CD9 is responsible for modulating multiple cellular processes including the upregulation of diptheria toxin binding [@pone.0067766-Hasuwa1], and gamete fusion [@pone.0067766-Zhu1]. Deletion of CD9 EC2 in a Chinese Hamster Ovary cell line led to decreased motility and increased cell adhesion and fibronectin matrix assembly [@pone.0067766-Cook1], [@pone.0067766-Longhurst1]. Herein, we demonstrate that CD9 EC2 was critical in eliciting MMP-9 expression in CD9-HT1080 cells. Upon EC2 deletion, the observed increases in MMP-9 expression and release were reduced to levels found in Mock-HT1080 cells or after silencing of the proteinase. Furthermore, the increase in the invasive phenotype of CD9-HT1080 cells was reduced upon deletion of CD9 EC2. These findings confirm and extend our previously published data that CD9 EC2 is of immense importance in the full functioning of this tetraspanin.

In summary, our findings demonstrate for the first time a specific link between tetraspanin CD9 and metalloproteinase MMP-9 expression that significantly affects the invasive phenotype of HT1080 cells. Therefore, CD9 consequently may play an important role in tumor cell invasion and promoting metastasis. This potential relationship between CD9 expression and the tumor cell phenotype is supported by studies that used inhibitory anti-CD9 antibodies to decrease tumor weight in two separate *in vivo* models [@pone.0067766-Hwang1], [@pone.0067766-Nakamoto1]. Additionally, we attribute CD9 EC2 region as being responsible and a potentially new target for regulating MMP-9 production. Together, these key findings support a model in which tetraspanin CD9 may have considerable therapeutic potential for the treatment of metastasizing cancers.
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